Green biotechnology is the future of biopharmaceuticals production. The use of algae to produce biopharmaceuticals is of interest in vaccine-based control programs because of cost and environmental safety considerations. An attempt was made to express avian influenza virus (AIV) immunogens in algae because the virus is a serious economic, veterinary, and public health threat. A commercial system was modified to allow expression of H5N1 AIV hemagglutinin subunit 2 (HA2) in the microalga Chlamydomonas reinhardtii (C. reinhardtii). Codon-optimized AIV H5N1 HA2 (coHA2) sequence was synthesized and cloned into the transfer vector pChlamy_3/D-TOPO ® . Cloned coHA2 sequence was then transformed in C. reinhardtii strain cc-125 by electroporation. Proper nuclear integration was confirmed in 16% of screened transformants selectively amplified in Hygromycin-containing TAP media. coHA2 mRNA transcription was confirmed using RT-PCR. AIV HA2 expression was confirmed using western blot analysis utilizing AIV polyclonal chicken antisera. Expressing transformants were maintained on Hygromycin-containing TAP agar for 26 weeks (15 subcultures). Expressing transformants maintained cell shape, motility and, growth characteristics similar to non-transformed C. reinhardtii cc-125. A coHA2-C terminus GFP was used to visualize HA2 expression in vivo using confocal microscopy. Background-normalized GFP-specific fluorescence of transformants was 15 % of the total cellular fluorescence. Fluorescence in GFP channels 508, 518, 528 and 538 nm was 3.9% of the total cellular fluorescence of non-transformed algae. Taken together, results indicate efficient stable expression of the AIV HA2 transgene and, warrant further investigation into immunogenic potential of the algae-expressed HA2.
Introduction
Anumber of commercial heterologous protein expression platforms exist. Each platform offers distinct advantages in terms of protein yield, cost and versatility (Mayfield, Franklin and Lerner, 2003) . Microalgae and transgenic plant expression platforms are considered green protein factories (Dove, 2002) . Unicellular eukaryotic microalgae have considerable future in the biotechnology industry because of cost, and environmental safety considerations. Microalgae have been used for production of antibiotic resistance markers, reporter genes, valuable recombinant therapeutic proteins, industrial enzymes and, human and veterinary vaccines (Manuell et al., 2007; Surzycki et al., 2009; Gong et al., 2011; Soria-Guerra et al., 2014) . In addition, they are used as a source for highly quality protein for the aquaculture (Chen et al., 2015) , and have the potential to be used for oral delivery of biopharmaceuticals; most fall into the Generally Recognized as Safe (GRAS) category of the USA FDA (Mayfield et al., 2007; Mayfield and Miyake-stoner, 2010) . Chlamydomonas reinhardtii has been an excellent model freshwater microalga for many areas of research. As such, it has a well-developed molecular genetic makeup (Rasala et al., 2011) and has served as a genetic workhorse and an ideal organism for understanding the mechanisms of photosynthesis and nutrient regulated gene expression to the assembly and function of flagella (Hippler, Redding and Rochaix, 1998; Harris, 2001 ), C. reinhardtii has an ability to grow phototrophically or heterotrophically (Jinkerson and Jonikas, 2015) . In addition, C. reinhardtii has rapid growth and minimum nutrient requirements characteristics (Radakovits et al., 2010; Wang et al., 2012) . Several genetic transformation techniques have been established for nuclear and chloroplast expression in C. reinhardtii (Kim et al., 2014) . Compared to nuclear expression, transgene expression in chloroplasts has historically generated higher levels of transgene expression (Rasala et al., 2012) . However, transgene expression from nuclear genome integration allows glycosylation (Mathieu-rivet et al., 2014) and other post-translational modifications (PTMs) (Mamedov and Yusibov, 2011) , and transgene-targeting to sub-cellular locations (Rasala et al., 2014) ; which is not possible for proteins expressed in chloroplasts. Glycoprotein expression in algae can facilitate oral vaccine development, and/or contribute positively to international efforts to control pathogens targeted by the onehealth initiative (Bidaisee and Macpherson, 2014) . A key example of the aforementioned pathogens is highly pathogenic (HP) avian influenza virus (AIV) H5N1. AIV is an influenza A virus (IAV) of family Orthomyxoviridae. It has a segmented negative-sense single-stranded RNA genome. The translation products of segments 1-3 assemble into the viral transcriptase complex (Fodor and Smith, 2004) . The rapid evolutionary pattern of AIV is a result of its high rate of transcriptase errors, recombination, and reassortment (Boltz et al., 2010) . The viral hemagglutinin (HA) is the main immunogen in AIV (Kaminski and Lee, 2011) . Influenza A virus HA precursor (HA0) is a glycoprotein that is encoded on segment 4 of the AIV genome. HA is present as trimers on the envelope (Chen et al., 1998) . Eighteen influenza A virus HA subtypes exist (Tong et al., 2013) . During infection, influenza virus HA0 is cleaved by cellular proteases into two subunits, HA1 and HA2. The HA is responsible for virus attachment to host cell receptors, and for penetration by fusion after conformational changes in the endolysosomal compartment (Mair et al., 2014) . Recent evidence demonstrates that, unlike HA1, AIV HA2 is highly conserved (Steel, 2010) . HA2 based antibodies provide crossprotection against several strains within subtypes in phylogenetic group protection (Ekiert et al., 2012) and subtypes cross group protection (Valkenburg et al., 2016) . Additionally, conserved HA2 "stalk" epitopes of influenza H1N1 displayed on the globular head of the HA molecule have been shown to confer protection against heterologous influenza strains (Kim et al., 2016; Klausberger et al., 2016) . Therefore, the goal of this study was to determine the feasibility of AIV HA2 glycoprotein expression from a nuclear transgene of C. reinhardtii, to examine its subcellular localization within algae and, to test its antigenicity in vitro as a prelude to its use as a vaccine antigen. . To verify such possibility, the restriction digestion profile of the four vectors; pChlamy1-4, was in silico simulated using SnapGene ® software (GSL Biotech, Chicago, IL). Accordingly, five series of digestion reactions were proposed for differentiation between the vectors including: 1) digestion with KpnI, 2) double digestion with KpnI and BamHI, 3) double digestion with ScaI and EcoRI, 4) double digestion with EcoRI and BamHI, and 5) digestion with NotI (Table 2 ). The vector stock was propagated onto LB agar plates containing 100μg/ml ampicillin and a few number of separate well-spaced colonies were picked up and purified for analysis. The different proposed digestion reaction sets were performed on the vector stock and the purified bacterial colonies using the proper enzyme buffers and the reaction conditions described by the manufacturer (Clontech, Takara, Japan). The products of digestion reactions were separated in 0.8% agarose gel stained with ethidium bromide and DNA bands were visualized by Gel Doc XR gel documentation system (BIO-RAD). Purified pChlamy_3/D-TOPO ® vector was confirmed by colony PCR (as described above in section 3.3) and propagated for use in subsequent cloning experiments. 2.6. Preparation and Cloning of Synthetic HA2 Gene Cassette The complete sequence of HA2 gene of AIV H5N1 strain A/chicken/Egypt/ 1575S/2015 was chemically synthesized (Biomatik, Canada) as an alternative approach to promote robust gene expression in C. reinhardtii. The green fluorescent protein (GFP) gene (GenBank accession: KX431221) was added downstream of HA2 gene sequence. Codon optimization of the gene cassette was performed using the codon optimization tool at integrated DNA technologies (https://eu.idtdna.com/ CodonOpt). Different tags were included between HA2 and GFP sequences including TEV protease recognition sequence, 6x His tag, V5 epitope, and FMD 2A sequence that encodes post translational self-cleaving sequence, respectively (Rasala et al., 2012) . The synthetic HA2-GFP gene cassette was cloned via KpnI and NotI into pChlamy_3/D TOPO vector. Verification of bacterial transformants that carry synthetic HA2-GFP gene in correct orientation was achieved by: 1) colony PCR using universal Chlamy primers (Table 1) that generates a specific amplification product of 2267 bp, 2) double digestion with KpnI and NotI that generates two digestion products of 1588 and 4491 bp, 3) DNA Sequencing using universal chlamy primers, forward Bay HA2 and reverse Bay GFP primers (Table  1) . 2.7. Transformation of C. reinhardtii By Electroporation C. reinhartdii cc-125 was propagated in TAP medium till reach a density of 1-2 x 10 6 cells/ml. Cells were harvested by centrifugation at 2500 rpm for 5 min and resuspended in MAX Efficiency transformation reagent (Thermo-fisher) to a final density of 2-3 x 10 8 cells/ml. One microgram of the purified recombinant pChlamy3 vector (i.e. carrying HA2-GFP gene cassette) was added to each 250 μl of cell suspension and was incubated at 4°C for 5 min. A separate tube was used to prepare a control transformation reaction using pChlamy2 vector. Transformation of algal cells was obtained by electroporation at 400 V and 25 μF capacity with no resistance (BTX630, Amika, Holliston, MA). After recovery for 15 minutes at room temperature, cells were mixed with 10 ml of TAP-40mM sucrose medium and were incubated at 23˚C under continuous illumination of 5000 Lux on a rotary shaker (150 rpm) for 14-16 hours. Cells were harvested again and plated onto TAP-agar containing 8 μg/ml hygromycin B. The plates were further incubated for 5-7 days for the development of colonies (Shimogawara et al., 1998) . 2.8. PCR Screening of The Transformed C. reinhartdii Cells for Nuclear Integration With HA2-GFP Recombinant C. reinhartdii colonies were recovered from TAP agar plates and were propagated in TAP medium supplemented with 3 μg/ml hygromycin B till reach a density of 3 x 10 6 cells/ml. Algal DNA extraction was performed using plant extraction kit (Tiangen, Beijing, China) recombinant C. reinhartdii cells was performed using RNeasy Mini kit (Qiagen). Detection of the HA2 mRNA was conducted using both primer sets, in separate one-step RT-PCR reactions (Qiagen). All steps of RNA extraction and RT-PCR were performed according to manufacturer"s guidelines. After total RNA isolation, two sets of primers were utilized: in the first one, RT-PCR mix contains forward primer designed to bind the promoter sequence (forward universal chlamy) and the reverse primer bind with end of the HA2-GFP sequence (Table 1 ; Primers 3, 6), if mRNA transcribed, it will not include promoter sequence inside (as promoters does not transcribed by cellular polymerases) and in the same time control for DNA contamination after total RNA extraction.
Materials and
In the Second aliquot of the extracted RNA, RT-PCR mix contains forward primer designed to bind the first of the HA2-GFP sequence and the reverse the last of the HA2-GFP sequence ( 6 cells/ml, three drops of each PCR positive and negative samples were placed on a clean microscopic slide. Cells were let to adhere on the slide for 5 min before placing of cover slips and sealing with adhesive wax. Slides were examined by the confocal microscope and all wave length emissions (no=23), plus the photomultiplier channel (PMT), were captured. The images were analyzed using ZEN LE imageprocessing program (http://www.zesiss.co.jp/micro) in single or overlapped channels (black edition 2012). Image analysis for qualitative estimation of specific protein expression was performed using different parameters including: Intensity Means Values Significance: ZEN LE image-processing program (Blue edition 2012) enable semi-quantitative tool for reporter transgenic protein expression (GFP) that can be used in case of absence of data about absolute quantification of total soluble protein (TSP). Software tool can be used for calculation of intensity means values per each cell, which give numerical values to each wave length (n=23) plus the value of photomultiplier (PMT), these values was statistically analyzed which for their significance difference in positive transformants and negative control cells in chlorophyll specific windows (the last 7 channels plus PMT), and significance difference in positive and negative cells in GFP specific windows (the first 4 channels) compared to total cell fluorescence. The Relative Quantification of GFP Transgenic Protein:
The relative quantification of the positive transformants transgenic protein was determined by devising the sum of intensity mean value of specific GFP channels (2-5), by the sum of intensity mean value of all channels (n= 24, 23+ PMT) after background normalization. Transgenic Protein Localization: Transgenic protein localization was determined by following the emission fluorescence from the GFP specific windows channels (2-5) with development of emission per each channel with and without overlapping. 2.9.3. Characterization of The Expressed Protein Using Immunoblotting Assay Detection of HA2-GFP transgenic protein in the algal extracts was performed according to (Franklin et al., 2002) . Proteins were harvested from C. reinhardtii cells using lysis buffer (750mM Tris-HCl; pH 8.0, 15% sucrose (w/v), 100mM β-mercaptoethanol (BME), 2 mM AEBSF, 1 mM Phosphoramidon, 130 mM Bestatin, 14 mM E-64, 1 mM Leupeptin, 0.2 mM Aprotinin, 10 mM Pepstatin A). The total soluble proteins (TSP) and cell pellets were denatured using Laemmli buffer (containing 0.05% BME) at 95˚C for 8 min. Proteins were separated in 12% polyacrylamide gels at 100 volts for 90 min and were transferred to nitrocellulose membrane at 230 mAmp for 20 min using semidry blotting (BioRad). The membranes were blocked using 5% skimmed milk before being reacted with chicken anti-AIV H5N2 polyclonal serum (diluted 1/100) (Harbin, China). After 3 times wash with PBS-Tween, the membrane was incubated with horseradish peroxidase anti-chicken antibodies (Clontech). Specific bands were developed by incubation with 4-Chloro-1-naphthol/H 2 O 2 solution.
Results and Discussion 3.1. TOPO Cloning Of RT-PCR Amplified AIV H5 HA2 Into Supplied Expression Vector Was Unsuccessful AIV H5 HA2 cloning into the pChlamy_3/D-TOPO ® algal expression vector was originally attempted using RT-PCR-amplified products (Section 3.3). The primers used allowed the amplification of fragments that are ready for directional TOPO cloning (Table1). Multiple wellcontrolled TOPO cloning experiments (n=6) were performed using the supplied pChlamy_3/D-TOPO ® algal expression vector. Out of 57 colonies picked randomly from a selection plate containing 240 TOP10 E. coli transformants, none contained HA2 sequences. Control insertspecific primers generated the expected PCR-product fragment size when AIV viral RNA was used. The expected PCR product size that would indicate a successful transgene integration were not observed as well ( Figure S2 ) when the same colonies were testing utilizing the universal chlamy primers (Table 1 ; Primers 3, 4). Moreover, the amplification of variable sizes of PCR products (250 bp, 400 bp and, 500 bp) from these colonies indicated that multiple species of vectors may present (since colonies acquired antibiotic resistance) and, indicated that problems exist with insert integration into the vector preparation provided.
Restriction Digestion Analysis Of The Surviving Colonies Revealed The Presence
Of A Non-Homologues Population Of Plasmids In The Supplied Vector Vial To investigate whether the commercial expression vector vial contained a nonhomologous population of plasmids, competent TOP 10 bacteria were transformed using insert-free expression vector vial contents. Twenty colonies were selectively amplified following transformation indicating that circular plasmids carrying the antibiotic resistance gene were successfully transformed. This result may be interpreted in two different ways. The first interpretation is that topoisomerase activity resulted in vector circularization prior to transformation; the cloning strategy depends on directional TOPO cloning. The second interpretation is that the vector vial provided with the kit contained circular plasmids. Nevertheless, none of the interpretations above explain why cloning of RT-PCR products failed. Restriction digestion analysis was performed on plasmid extracts from 13 randomly selected bacterial clones of the 20 selectively amplified colonies mentioned above. This analysis was done to investigate whether the circularized plasmids transformed were identical, and if not, whether their restriction patterns resemble any of the vectors produced by the manufacturer. The predicted digestion patterns of four vectors of the commercial vector series of the manufacturer (pChlamy_1, pChlamy2, pChlamy_3/D-TOPO and, pChlamy4) were used for comparison purposes (Table 2) . Restriction digestion of extracted plasmids using the five different enzyme combinations (Table 2) confirmed the presence of a non-homologous population of plasmids (Figure 1) . A single colony of transformants carried a plasmid with restriction pattern similar to pChlamy_3/D-TOPO; a single 4525 bp fragment generated by NotI or KpnI digestion, and two fragments (2775 bp and 1750 bp) generated by KpnI and BamHI double digestion. Double digestion with ScaI/EcoRI and EcoRI/BamHI also generated the expected fragments" lengths (Table 2; Figure 1 ), however, it was easier to differentiate between plasmids using the KpnI/BamHI combination. Other colonies contained plasmids with restriction patterns similar to pChlamy 2 (Figure 1 ; Table 2 ). A second transformation experiment was conducted to investigate whether pChlamy_3/D-TOPO can be recovered more effectively. The vector vial content was incubated for 15 minutes rather than 5 min to allow for more topoisomerase activity; up to 30 minutes" incubation is allowed by the manufacturer. Longer periods of incubation that result in higher transformants yield would indicate that linear topoisomerase-bound vectors do exist. Indeed, transformation followed by selective amplification resulted in recovery of 110 colonies. The KpnI digestion pattern of 32 randomly-selected colonies of surviving colonies was not similar to that of pChlamy_3/D-TOPO vector. Taking in consideration the results of the first restriction analysis described above, it can be concluded that the plasmids extracted from the 32 colonies were probably pChlamy2. Further restriction analysis was not conducted due to financial considerations. 3.3. Synthetic Codon-Optimized HA2-GFP Gene Cassette Was Successfully Cloned Into A Rescued pChlamy_3/D TOPO Vector. In the absence of topoisomerase-ready pChlamy_3/D-TOPO vector, an alternative cloning strategy had to be devised. The TOP 10 E. coli colony containing the plasmid that had a pChlamy_3/D-TOPOlike restriction pattern was expanded in selective broth, and individual colonies were isolated on selective plates. Plasmids from the purified colonies were PCR-tested using universal chlamy primers (Table 1 ; Primers 3, 4). A single 708 bp PCR product was amplified indicating that pChlamy_3/D-TOPO sequences were present. The purified plasmid preparation was then used in cloning experiments. For cloning, the RT-PCR amplified AIV H5 HA2 was replaced with a synthetic codonoptimized HA2 sequence in which KpnI recognition sequences were replaced without affecting the translated a.a. identity. The HA2 sequences were linked using a self-cleaving sequence with a reporter codon-optimized green fluorescent protein (GFP) sequence. This strategy was designed to allow temporal and spatial in vivo monitoring of transgene expression. Reports have demonstrated that codon optimization enhanced expression of target transgenes (Heitzer and Zschoernig, 2007) , and thus it was deemed critical for the nuclear HA2 transgene. Double digestion with KpnI and NotI generated the expected 4491 bp and 1588 bp fragments and confirmed successful gene cloning. Additional confirmation of successful cloning was obtained when vector specific primers (Table 1 ; Primers 3, 4) amplified a 2267 bp product; equivalent to the sum of the 1559 bp insert plus a 708 vector-specific flanking sequences. DNA sequencing using vector and gene specific primers (Table 1; ® -HA2-GFP. pChlamy2 transformants (transformation control) generated 250 colonies. No colonies were observed in TAP selection plates that were seeded with an identical number of non-transformed C. reinhardtii cc-125; plates contained 8ug/ml of hygromycin B (the MIC was calculated at 6ug/ml). It is important here to mention that the electroporation parameter of the manufacturer did not result in the generation of transformed colonies. A reduction in electroporation voltage to 400 V, and capacitance 25 μF (with no shunt resistance) resulted in increased recovery of transformants and reduced cell loss. 3.4.2. The Nuclear DNA Of Transformed Hygromycin B Resistant C. reinhardtii cc-125 Cells Contained Integrated HA2-GFP Sequences Out of 51 algal colonies picked randomly from a selection TAP agar plate containing 158 hygromycin B resistant C. reinhardtii cc-125 transformants, 8 contained HA2-GFP sequences preceded by vector upstream promoter sequence. All colonies generated the expected PCR-product using the forward universal chlamy with reverse Bay GFP primers (Table 1 ; Primers 3, 6) with a fragment size of 1835 bp; equivalent to the sum of the 1559 bp insert plus a 267 upstream vector-specific flanking sequences (Figure 3a) , rather than using gene specific primers. Survival of algae on selective TAP agar indicates hygromycin B-resistance gene must have been integrated within the correct context within the nuclear genome of all 51 colonies. However, since only about 16 % of colonies had the HA2-GFP sequences, it can be concluded that integration of different fragments of the vector is independent of other fragments. The mechanism of integration and the relative efficiency of integration of each section of the vector was not investigated in this study. It is important to mention that isolation of algal nuclear DNA was successful using the three technologies tested. 3.5. The Synthetic Codon-Optimized HA2-GFP Sequence Was Efficiently and Stably Expressed Into C. reinhardtii cc-125 3.5.1. HA2-GFP mRNA Was Transcribed In A Fraction Of Hygromycin B Resistant C. reinhardtii cc-125 Transformants Properly controlled experiments demonstrated that only 3 of the 8 algal colonies containing the nuclear transgene produced mRNA transcripts; generated the expected 1559 bp RT-PCR amplicon (Figure 3b ). This indicated that these colonies may allow protein expression. It also indicates that the context in which the transgene is integrated differs between different colonies. mRNA level and survival time inside cells was not measured.
Robust GFP Expression Was
Demonstrated in Hygromycin B Resistant C. Reinhardtii Cc-125 Transformants Expressing HA2-GFP mRNA GFP-specific fluorescence at 528 nm [28] was detected in the three algal colonies expressing HA2-GFP mRNA transcripts (Figure 4) . Clones expressing the recombinant GFP also emitted chlorophyllspecific fluorescence at 658 nm (Neupert, Karcher and Bock, 2009) ; indicating that expressing cells retained viability. Viability was also confirmed by color and retention of motility using conventional microscopy. GFP-specific fluorescence was mostly diffuse with some granular structures evident within regions of the cytoplasm, and co-localized with fluorescence emitted from chlorophyll and not within the cup harboring the nucleus.
It was important to detect the robustness of transgene expression in the three transgeneexpressing clones described above. Expression of nuclear transgenes is often plagued by gene silencing. The contributing molecular mechanism(s) behind poor transgenes expression from the nuclear genome are not fully understood. Possible reasons implicate poor promoters, nuclear integration position effects, and transcriptional and translational levels of gene silencing (Cerutti et al., 1997; CasasMollano et al., 2007) . Strategies adopted to overcome expression level issues include using UV mutant strains that enhance transgene expression (Neupert, Karcher and Bock, 2009) and, fusion of the transgene with and essential resistance marker in a manner that would allow downstream purification of target proteins (Rasala et al., 2014) . None of the aforementioned techniques were used. Moreover, tools were not available to detect HA2 expression level. Therefore, estimation of transgene expression robustness was done based on relative fluorescence data generated from confocal LASER-scanning microscopy images. Many biological problems are addressed by using fluorescence microscopy-based approaches and the confocal fluorescence microscope has become a centerpiece in the cell biology laboratories. Fluorescence intensity measurements within the specific channels offers the possibility to study quantitatively molecular interactions in live cells with high degree of accuracy and precision (Waters, 2009 ). However, a simple analysis approach was adopted using Blue edition ZEN LE software (graphics quantitative analysis tool) since reference fluorescence material was not available for device calibration and precision quantification of fluorescence molecules in cells. Numerical intensity means values generated from each of the 23 channels were calculated for five cells of positive transformants and five cells of negative non-transformed controls. The analysis revealed that channels 508, 518, 528 and 538 showed significant differences in fluorescence intensities when expressing and control algal cells were compared. The remaining channels were not suitable for detection of GFP fluorescence, but were rather detected chlorophyll autofluorescence.
The backgroundcorrected mean GFP-specific fluorescence intensity (measured from the 4 channels described) of 5 cells was 15% of the total cellular fluorescence (sum of intensities from all 23 channels) of the same cells. Mean background-corrected fluorescence from the same 4 channels was only 3.9% for negative transformants. Image background was usually low (around 600 intensity mean value unit) and was subtracted prior to calculations. Therefore, the fluorescence detected in the 4 GFPspecific channels may have been due to bleed through from other channels or fluorescence energy transfer (Kim et al., 2012; Bajar et al., 2016) . Cells showing specific GFP fluorescence also retained the average cell size (10 um). Taken together, these finding indicated that the expressed protein(s) were not toxic to the algae. 3.5.3. AIV H5 Polyclonal Chicken Antisera Recognize the HA2 Expressed In C. reinhardtii cc-125 Transformants GFP expression analysis does not guarantee that HA2 is expressed correctly, or that it is retained within expressing algal clones; both are essential characteristics for commercial downstream applications. It was essential to detect HA2 protein expression using Western blot analysis. shows no specific amplification of 1835 bp fragment using forward universal chlamy and reverse synthetic HA2 primers (no DNA contamination) for both colonies. Lanes 2 and 5 show specific amplification of 1559 bp fragment using synthetic forward and reverse HA2 primers. Lane 3 shows the amplification product using Chlamydomonas gene 18sDNA primers control. Lane M, Vivantis 1 kb DNA ladder. 
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